Lipoproteins and membrane lipid composition
Phospholipid molecules are asymmetrically distributed in mammalian plasma-membrane bilayers; phosphatidylcholine and sphingomyelin are located mainly in the outer leaflet and phosphatidylserine and phosphatidylethanolamine in the inner leaflet (Op den Kamp, 1979) . By contrast, cholesterol partitions almost equally between the two leaflets (Lange & Slayton, 1982) . Cholesterol and phospholipid (mainly phosphatidylcholine and sphingomyelin) molecules on the surface of lipoproteins exchange with their counterparts in cell plasma membranes (Bruckdorfer & Graham, 1976) . Similar exchanges occur between the plasma membrane and membranes of intracellular organelles. Do alterations in lipoprotein surface lipids lead to changes in membrane lipid composition? Animals fed a cholesterol-rich diet accumulate cholesterol in their lipoproteins and in membranes of erythrocytes, macrophages, platelets and liver cells (Sardet et al., 1972; Cooper, 1977) . Dietary fat (mainly triacylglycerol) is absorbed from the small intestine as free fatty acid and monoacylglycerol. Some of the fatty acids are incorporated into phospholipids (Johnston, 1970) , which enter the lymph as part of the surface of chylomicrons and tend to equilibrate with the phospholipids in plasma lipoproteins. Changes in the type of dietary fat modifies erythrocyte and platelet phospholipid fatty acid composition (Rao et al., 1979; Siess et al., 1980) . The fatty acid composition of subcellular membranes in heart, lung and brain also reflects those in dietary fat (Tahin et al., 1981) ; in weaning animals it may influence cholesterol and phospholipid levels in brain membranes (Foot et al., 1982) . Whether these membrane-phospholipid and phospholipid-fatty acid changes occur through exchange with intact lipoprotein-phospholipid molecules is unclear; uptake from fatty acid-albumin complexes or alteration in activity of enzymes involved in phospholipid synthesis may be more important.
Clear evidence of a direct lipoprotein role has come from studies in liver disease and abetalipoproteinaemia, a genetic disorder characterized by absence of plasma lipoproteins containing apoprotein B (ApoB). Lipoproteins from these patients have striking lipid abnormalities. Their cholesterol content is raised, the phosphatidylcholine/sphingomyelin molar ratio alters (it rises in liver disease and decreases in abetalipoproteinaemia), and there is a decreased proportion of polyunsaturated fatty acids in the phospholipids (Herbert et al., 1983; Harry et al., 1982) . Corresponding lipid changes were found in patient erythrocyte membranes and platelets (Shastri et al., 1980; Owen et al., 1981~) . The alterations in platelet phospholipid and fatty acid patterns were of interest; platelets, unlike erythrocytes, synthesize both phospholipid and fatty acids and might have been expected to maintain a normal membrane composition in the presence of abnormal plasma lipoproteins.
These effects of lipoproteins on platelet and red-cell lipid composition suggest widespread lipid abnormalities of cell membranes in dyslipoproteinaemias. However, platelets and erythrocytes are in the lipoprotein-rich plasma compartment; membranes from cells which have access only to the lipoproteins of the extravascular fluid (Reichl et al., 1977; Roheim et al., 1979) need to be studied. Prolonged deprivation of food in the lizard Tropidurus torquatos (Iguanidae) markedly changes its plasma lipid composition (Gillett, 1978) ; it increases the cholesterol/phospholipid ratio and decreases the phosphatidylcholine/sphingomyelin ratio on lipoprotein surfaces. We hypothesized that corresponding changes would also occur in the lipids of membrane fractions isolated from a variety of tissues and organs.
Lizards deprived of food for 5 weeks showed significant increases in membrane cholesterol/phospholipids ratio in kidney, skeletal muscle, testes, small intestine, heart and lung when compared with fed animals; this ratio was unchanged in liver and brain (results not shown). Food deprivation also significantly decreased the membrane phosphatidylcholine/sphingomyelin ratio in all tissues except heart, lung and brain. The changes in those membranes that showed altered lipids were significantly correlated with the plasma lipid composition (Table  1) . Table 1 . Correlation coeflcients between plasma lipids and membrane lipids of various tissues from the lizard Tropidurus torquatos during food deprivation Lizards (19 in all) were deprived of food for various time periods (six were not deprived of food, three were deprived of food for 1 week, two for 3 weeks, six for 5 weeks and two for 7 weeks). Tissues were homogenized and the 8OOO-100OOOg membrane pellet (Brown et al., 1979) was isolated for lipid analysis. Correlation coefficients were determined by linear regression. The significance level is indicated as follows: *P < 0.05 ; **P < 0.0 1 ; ***P < 0.00 1. 
Membrane lipid composition and membrane function
Lipids play a key role in determining the fluidity of biological membranes; membrane cholesterol content (usually expressed as the cholesterol/phospholipid ratio) is important, together with the type of phospholipids and the length and degree of unsaturation of the phospholipid fatty acyl chains. Lipoprotein-induced changes in membrane lipid composition might therefore alter membrane fluidity and disturb cellular metabolism, including the permeability of the cell to water and electrolytes. It might also alter active transport mechanisms and the activities of receptors and enzymes in the surface membrane. These are functions of membrane proteins, but changes in membrane fluidity are known to influence protein orientation and mobility (Armond & Staehelin, 1979; Borochov et al., 1979) . Many membrane-bound enzymes are dependent on specific phospholipid polar head groups and perhaps fatty acyl chains for full activity (Chapman & Hoffmann, 1980) ; changes in membrane phospholipid composition might therefore alter enzymic function. Prostaglandin production might be affected by reduction of the arachidonic acid precursor in cell phospholipids.
Studies on the erythrocyte and platelet support an association between an abnormal lipid composition and cellular dysfunction. In liver disease the increased cholesterol content of red cells correlates with decreased membrane fluidity , decreased anion transport (Jackson & Morgan, 1982a) and an enhanced ability of the membranes to fuse (Hope et al., 1977). The furosemide-sensitive component of Na+ eftlux is inhibited in erythrocytes from jaundiced patients (Jackson & Morgan, 1982b) , although the activity of the Na+,K+-ATPase is unchanged (Owen & McIntyre, 1978; Jackson & Morgan, 19826) . Cholesterol enrichment of platelet membranes is considered to enhance the ability of platelets to aggregate (Kramer et al., 1982) . But in patients with liver disease, platelet aggregation is decreased and correlates inversely with platelet cholesterol/phospholipid ratio; it was suggested that the effects of the abnormal membrane phospholipid and fatty acid composition overrode those of the increased cholesterol content (Owen et al., 1 9 8 1~) .
Lipoproteins and regulation of cellular functions
Circulating hormones and other non-hormonal molecules regulate cellular metabolism through interaction with specific cell-surface receptors. Plasma lipoproteins appear to regulate cell function in a similar manner. There are other receptors on cell surfaces that affect lipid metabolism through binding and uptake of lipoproteins. Hepatocytes have ApoE-specific receptors which may clear chylomicron remnants (the particles remaining after partial hydrolysis of core triacylglycerol) and HDL, (the HDL subclass through which much cholesterol may be returned to the liver) from the plasma (Brown et al., 1981; . The steroid-producing tissues, adrenals, testes and ovaries, take up plasma HDL through binding sites distinct from the LDL receptor (Brown et al., 1979) . Abnormal VLDL and LDL particles are engulfed and degraded by macrophages through receptor-mediated pathways (Henriksen et al., 198 1 ; Gianturco  et al., 1982) .
(b) Additional lipoprotein receptors. Plasma lipoproteins regulate several diverse cellular functions through mechanisms that do not involve uptake of intact lipoproteins into the cell. They include the activity of plasma-membrane enzymes, prostaglandin and cyclic AMP production, platelet aggregation and the blood-coagulation process, the immune response and macrophage tumoricidal activity (Table 2 ). In some of these examples of cellular regulation, binding of lipoproteins by specific cell-surface receptors via apoprotein molecules has been established-for example, the number and characteristics of the binding sites on lymphocytes (Curtiss & Edgington, 1978) and erythrocytes (Hui et al., 1981) . In other examples, the mechanism has not been studied, although there is general agreement that apoprotein, rather than lipid, constituents are involved. These regulatory effects of normal plasma lipoproteins suggest that a balance between the different classes is required for normal cellular metabolism. If this balance is altered, as in certain hyper-and hypo-lipoproteinaemias, or if the apoprotein distribution is abnormal, then cellular disturbances can be anticipated. In Type I1 hyperlipoproteinaemia, platelets aggregate more readily; this may partially reflect the effects of increased LDL levels at the platelet surface membrane (Hassall et al., 1983) . Some patients with severe alcoholic liver disease develop a haemolytic anaemia with many red cells having bizarre spiculations. Cholesterol enrichment of the red cells has been proposed as the underlying mechanism (Cooper et al., 1975) . But this proposal has been challenged; normal erythrocytes can be rapidly transformed into crenated cells without net cholesterol transfer by incubation with HDL from jaundiced patients (Owen et al., 19816) . Such patient HDL has an abnormal apoprotein composition and, unlike normal HDL, binds in a saturable manner to the red-cell membrane. The abnormal HDL of liver disease also inhibits mitogen-induced lymphocyte proliferation . Patients with liver disease have an increased susceptibility to infections; abnormal HDL may be one serum factor that contributes to their decreased cell-mediated immunity. Cholesterol enrichment of lipoproteins occurs in liver disease and in animals fed cholesterol-rich diets. In both these situations, red cells and platelets accumulate cholesterol in the membranes and there is associated cellular dysfunction. But these cells have little ability to handle exogenous cholesterol; they do not synthesize cholesterol (and so cannot decrease synthesis) and are unable to esterify it for intracellular storage as cholesteryl ester.
Certain cells seem to try to adapt to an increased membrane cholesterol content. For example, cultured cells respond by esterifying cholesterol when cholesterol-rich lipoproteins or liposomes are added to their growth medium (Arbogast et al., 1976; Rothblat et al., 1978; Owen & McIntyre, 1981) . This process converts cholesterol into a form that is excluded from membranes, although its effectiveness may be limited, since the membranes retain a raised cholesterol/phospholipid ratio ( Fig.   1 ). Paradoxically this mechanism may be pathological; it appears unregulated and so may underlie formation of xanthomata in chronic biliary obstruction and contribute to the development of atherosclerosis in cholesterol-fed animals. [Lipoprotein protein] (pg/ml of culture medium) Fig. 1 . Ability of cholesterol-rich LDL to increase cellular cholesteryl ester content and cholesterollphospholbid ratio in cultured skin jbroblasts from a patient with homozygous familial hypercholesterolaemia Cultured skin fibroblasts from a patient with homozygous familial hypercholesterolaemia were grown until confluent in standard medium containing 10% (v/v) foetal-calf serum. These cells lack LDL receptors and so cannot take up significant amounts of intact LDL particles (Brown et al., 1981) . Incubation was then continued for 24h in fresh medium containing 10% (v/v) lipoprotein-deficient serum. Various concentrations of normal LDL or cholesterol-rich LDL from a patient with parenchymal liver disease (cholesterol/phospholipid molar ratios of 0.81 and 1.38 respectively) were added for a further 24h incubation. The cell layer was washed free of lipoproteins and harvested for lipid analysis. Results are the mean for duplicate 100mmdiameter dishes. 0, 0, Normal LDL; A, A, cholesterol-rich LDL.
'
Incubation of red cells from jaundiced patients with normal, heat-inactivated plasma removes the excess cholesterol from their membranes without altering their abnormal phospholipid composition. After incubation the fluidity of these membranes is similar to that of normal membranes; it was suggested that the increase in fluidity expected for the raised phosphatidylcholine content in such membranes was opposed by a decrease in polyunsaturatedrfatty acyl chains . Whether this apparent ability of the phospholipid bilayer matrix to maintain its fluidity in the presence of abnormal lipoproteins represents adaption or coincidence is uncertain.
The studies in Tropidurus during prolonged food deprivation suggest that, when plasma lipid composition is markedly changed, widespread, but not necessarily complete, membrane lipid abnormalities will occur in tissues and organs throughout the body. One may speculate that the cells have adapted their membrane lipid composition to ensure the animal's survival. Thus brain, heart, lung and liver appear more resistant to changes in membrane lipid composition (and presumably function); this may represent protection at the expense of less vital organs and tissues (testes, intestine, muscle and kidney).
Cell membranes control the inward and outward transport of various compounds, including water and electrolytes, the cellular response to drugs and hormones, the capacity of the cell for phagocytosis and endocytosis, and the processes of cell division and regeneration. Cell-surface abnormalities are known to have profound pathophysiological consequences (Griffin & Pasternak, 1982) . In man, dyslipoproteinaemia is frequently associated not only with deranged lipid transport but also poorly understood metabolic abnormalities and cellular disturbances. It is therefore tempting to speculate that an inability of the cell surface to adapt to abnormal lipoproteins exacerbates the primary disease. In liver disease (Harry et al., 1982) and certain renal diseases (Moorhead et al., 1982) there is growing evidence to support such an inability of cells to adapt; in cancer, diabetes mellitus and the ageing process, the link is more tenuous, but these would seem fruitful areas for further research. Homogenates of anaerobically grown glucose-repressed S.
uvarum contained no detectable cytochrome c oxidase, succinate-cytochrome c oxidoreductase, succinate-ferricyanide oxidoreductase, L(+)-lactate-cytochrome c oxidoreductase or catalase, and cytochromes ala,, c, c, and cytochrome c peroxidase were also undetectable (Cartledge & Lloyd, 1972) . Analytical subcellular fractionation by high-speed zonal centrifugation indicated that about 30% of the total protein of these homogenates was sedimentable at 6 x 106g-min, and the major classes of membrane were distinguished by the presence of oligomycin-sensitive ATPase ('promitochondria') of the largeparticle fractions and NADPH-cytochrome c oxidoreductase (small-particle fractions). Transfer of organisms from glucoserepressed anaerobic conditions to an aerobically maintained culture containing 0.8% glucose gave rapid development of a VOl. I 1 fully functional respiratory chain which was virtually complete after 2h (Cartledge & Lloyd, 1973) . Zonal centrifugation of homogenates prepared from adapting cells indicated complex density changes in particles containing oligomycin-sensitive ATPase and cytochrome c oxidase; whereas the median buoyant density of the large-particle population in the anaerobic organisms was 1.27g/ml, after 30min this had shifted to 1.25g/ml and after 3 h the equilibrium density was 1.235g/ml: these density shifts suggest that the 'promitochondria' may not be direct structural precursors of mitochondria. After only lOmin highly organized mitochondria resembling those of aerobically grown glucose-derepressed cells were evident in electron micrographs. The progress of the integration of newly synthesized cytochrome components into functional mitochondria was investigated by measurement of the kinetics of cytochrome oxidation in mitochondria isolated at various time-intervals after the commencement of the adaptation process (Cartledge et al., 1972). Mitochondria1 fractions prepared from sphaeroplasts during respiratory adaptation contained all the detectable c-and a-type cytochromes, but individual cytochromes were produced at different rates, so as to give mitochondrial membranes having widely differing cytochrome ratios. Afer 30min respiratory adaptation, reoxidation rates on mixing anaerobic mitochondrial suspensions with 17 ~M -O , at 24OC were about 50ms for cytochrome a/a, and lOOms for cytochrome c; these half-times were 20 and 30 ms respectively after 2 h adaptation. Early-adapting cells show a biphasic cytochrome c response, but the overall impression gained from measurement of kinetics of cytochrome oxidation is that cytochrome-cytochrome interactions occur almost as rapidly in the early stages of mitochondrial development as in fully formed organelles; there was no evidence of major cytochrome dislocation, or for the accumulation of pools of non-functional spectrophotometrically detectable haemoproteins. This view has
